Porcine pancreatic endocrine cells are an attractive candidate for islet cell transplantation in view of the immunological properties and structural similarities of porcine insulin to human insulin. We recently established a method of isolation and a primary monolayer culture of porcine pancreatic endocrine cells. In this study, cloning of the porcine insulin cDNA was performed to clarify the genetic background of the purified isolated cells. A homology-based PCR cloning method was employed to determine the sequence using mRNA extracted from the monolayer-forming cells, and the candidate products were then determined by a homology search on the human insulin cDNA. According to the newly identified sequence, rapid amplification of cDNA ends was applied to the 5′ and 3′ ends, and the entire cDNA sequence was determined. Gene and protein expression was confirmed by Northern blotting, immunohistochemistry, and enzyme assay. To examine the transcriptional level, the cultured cells were incubated in a 20 mM D-glucose medium in the presence or absence of 5 µM forskolin. The porcine insulin cDNA exhibited a high homology to the human cDNA and showed 85% matching with the human amino acid sequence. D-Glucose at 20 mM stimulated the insulin secretion and mRNA expression, and further addition of 5 µM forskolin with the glucose was applied as the strongest stimulus in this culture system.
INTRODUCTION
level was also examined in correlation with the insulin secretion. In the near future, a clinical program of islet cell transplantation is expected to depend upon large mam-MATERIALS AND METHODS mals as the cell sources, such as pigs (2, 19, 20, 28) . Pigs Cell Preparation are among the best candidates because they are fertile
The outline of the method of preparation and purifiand easily bred, even though it is rather difficult to obcation of adult porcine PE cells without the addition of tain a sufficient amount of pancreatic endocrine (PE) any proteolytic enzyme has been described previously cells. There are still some problems such as those related (19, 20) . Using a modified method of semiautolytic dito the immunological properties of the insulin, regulagestion, adult porcine PE cells were isolated and purition of cell growth, and the limited cell span that must fied. Briefly, adult porcine pancreases were transported be overcome before application of PE cells to cell transto the laboratory in ice RPMI-1640 medium containing plantation in clinical practice. Besides the reports of its 10 mM nicotinamide. The pancreas was immediately exstructural similarities to human insulin, genetic studies posed to acidic oxidative potential water for 50-60 s, (e.g., sequencing, detection of transcriptional factor, trimmed by careful dissection of the surrounding tissues, etc.) on porcine insulin are also expected to provide us and then minced with scissors. The digested pancreatic with useful information for the genetic handling of PE cell clusters were collected immediately by centrifugacells and their utilization as a bioartificial pancreas. Retion. The resulting pellet of cells was suspended in phoscently, we succeeded in establishing monolayer-forming phate-buffered saline (PBS) containing 3.0% newborn PE cells without contamination by fibroblasts (19, 20) . calf serum (NCS) and 5.5 mM D-glucose, and placed in The aim of the present study was to clone the porcine Histopaque-1077 (a mixture of polysucrose and sodium insulin cDNA and determine its nucleic acid sequence diatrizoate; Sigma Co., Ltd.). The PE cells at the interfor obtaining genetic information on the hormone in our culture system. Then, the regulation of its transcriptional face were collected and suspended in RPMI-1640 me-486 TSUCHIYA, TSUCHIYA AND OHGAWARA dium containing 10% fetal calf serum (FCS) and 10 mM 60°C for 1 min, and 72°C for 1 min, for 40 cycles, in a thermal cycler (Perkin-Elmer Cetus). The concentrations nicotinamide. The cells were inoculated into 25-cm 2 culture flasks at the cell density of approximately 5.0 × 10 6 of the primers and polymerase were determined empirically for the best reaction efficiency. The PCR product cells in each flask. The pancreatic cells formed a monolayer, while the fibroblasts became detached, when the was size fractionated by 1.2% agarose gel electrophoresis and purified using a gel extraction kit (Qiagen). Then cells were cultured in the presence of nicotinamide (19, 20) . On day 7 of culture, the culture medium was it was sequenced by the dideoxy chain termination method (ABI PRISMTM 310, Perkin-Elmer Cetus) to changed for a medium without nicotinamide. Then the cells were refed with 7 ml of the medium without nico-determine the shared amino acid residues between it and human insulin. tinamide every 3 or 4 days, and maintained in the medium for 12 days.
Rapid amplification of cDNA ends (RACE) was carried out to determine the unknown sequences at both the Isolation of Porcine Insulin cDNA 5′ and 3′ ends of the cDNA with a commercially avail-Degenerative Primers. A PCR-based strategy was able kit (Clontech, Palo Alto, CA). Briefly, first-strand applied to clone a porcine insulin cDNA. Degenerative cDNA was synthesized with an oligo-dT primer. The sense and antisense primers were designed complemensecond-strand (ds) cDNA was synthesized using E. coli tarily for each end of the known amino acid residue se-DNA polymerase, RNase H, and E. coli DNA ligase inquence of the β-chain and α-chain of human insulin (Tacubated at 16°C for 1.5 h. Adapters were ligated both ble 1). These (IPdF-2: 5′-TTYGTXAAXCARCAY-3′ ends of the ds cDNA to construct as adapter-ligated ds and IPdR-1: 5′-XGTRCARCAYTGXTC-3′) were then cDNA library. A gene-specific primer (IPR-1 for the 5′ used as a set of degenerative primers in a RT-PCR reacend: 5′-CCGCACACCAGGTACAG-3′ and IPF-1 for tion to synthesize a 213-bp porcine cDNA fragment usthe 3′ end: 5′-TACACGCCCAAGGCCCGT-3′) and adaping total RNA from porcine PE cells.
ter-specific primer were used for the RACE.
To generate a 324-bp amplimer containing the full-RT-PCR and RACE. For first-strand cDNA synthelength preproinsulin gene, PIR (5′-GTTGCAGTAGTT sis, the mRNA of lysed PE cells from a 12-day mono-CTCCAGCT-3′) and PIF (5′-ATGGCCCTGTGGAC layer culture was reverse-transcribed using oligo-dT as GCG-3′) primers were designed for annealing to the sea primer and the Moloney murine leukemia virus quences of the flanking 5′ and 3′ termini of the complete (MMLV) reverse transcriptase (Life Technologies). The open reading frame, and used for PCR amplification of RT reaction components [final concentration: 1× buffer porcine cDNA. The PCR products were ligated into a (20 mM Tris HCl, 50 mM KCl, 2.5 mM MgCl 2 , 0.1 mg/ TA cloning vector (PCRII, Invitrogen, San Diego) and ml BSA), 0.5 mM dNTPs, 10 mM DTT, 10 U/µl directly sequenced. The positions of all the primers used MMLV reverse transcriptase] were added to a tube conin the PCR are shown in Figure 1 . taining 5 µg total RNA before its incubation at 42°C for 50 min. Following this reaction, RNase H was added to Computer Analysis. cDNA and amino acid sequence each reaction tube at a final concentration of 0.1 U/ml analyses were performed with a DNA software (Genbefore incubation at 37°C for 20 min. etyx-Mac, Software Development Co., Ltd., Tokyo). For the porcine insulin cDNA amplification, the de-
The National Center for Biotechnology Information dagenerative primers described above were used. The PCR tabase was screened with a BLAST (basic local alignwas carried out in a volume of 25 µl containing 5 µl of ment sequencing tool). the RT reaction solution, 50 pM of the 5′ and 3′ primers, and 2.5 U AmpliTaq DNA polymerase (Perkin-Elmer Expression Analysis of Porcine Insulin Cetus, Norwalk, CT). After the addition of the enzyme, Microscopic Observation. On day 7 of culture, the the reaction was performed in cycles of 94°C for 1 min, cells were recultured on cell discs (30-mm-diameter plastic coverslips; Sumitomo Bakelite Co., Ltd.) in culture dishes (35 mm; Sumitomo Bakelite Co., Ltd.) fol- The nucleotide sequence of the porcine insulin cDNA the cells were divided into three groups. The cells in the is shown in Figure 2 . Sequence analysis of the cDNA three groups were incubated in media supplemented
clone reveals an open reading frame, which, on translawith low (2.5 mM) or high (20 mM) concentration Dtion, encodes the C-terminal residues of the 108 amino glucose with or without 5 µM forskolin for 60 min.
acid chain. The 5′ sequence was obtained by RACE to After the incubation, the cells in the three groups were complete the entire cDNA sequence. As anticipated, the treated with EDTA-trypsin. Then aliquots of the cells porcine sequence is very similar to the human sequence, were collected and processed for mRNA extraction.
with 85% homology at the nucleotide level and 85% After the incubation with a low-glucose concentration, homology at the amino acid level. Compared with the high-glucose concentration, and glucose with forskolin, human amino acid sequence, only one amino acid resithe media were collected and centrifuged at 3000 rpm due is a nonconserved substitution in the B-chain, and for 1 min, and the supernatants were stored at −20°C complete homology was observed in the A-chain. Howfor insulin assay using an antibody bead insulin Eiken ever, several differences, including a deficiency of radioimmunoassay kit (Eiken Chemical Co, Ltd., Tokyo, amino acid residues, were observed in the pre-and C-Japan). All the results are expressed as mean ± SEM. peptides (Fig. 3) . Differences in the insulin secretion level were consid-Histological Analysis ered to be of significance when p < 0.05. The experiment was repeated five times for insulin assay.
Insulin expression was confirmed by morphological examination. The cells were cultured in RPMI-1640 me-Northern Analysis. Total RNA was prepared by guanidinium isothiocyanate extraction from the 12-day dium containing 10% FCS with nicotinamide. As shown in Figure 4 , the PE cells adhered to the bottom of the porcine cell culture. Total RNA (5 µg per lane) was electrophoresed on a 1.2% agarose gel containing form-dish in the presence of nicotinamide, while the fibroblasts became detached and formed a monolayer that aldehyde and transferred to a nylon membrane. PI300 (324 bp) is a probe containing the entire insulin cDNA consisted mainly of insulin-producing β-cells [10 mM nicotinamide (Fig. 4b) facilitates the adherence of PE amplified by PCR using the PIF-1 and PIR-1 primers. The probe of human β-actin was used as the internal cells ( Fig. 4a) ]. The cells were stained with anti-human insulin antibody and typical staining of the cytoplasm standard. The cDNA fragments of the PI300 probe were labeled with [α-32 P]dCTP via a random-primed reaction.
was observed. The membranes were hybridized with the probe in Quik-Insulin Secretion Hyb solution (Stratagene) at 65°C for 2 h and washed with 2× standard saline citrate (SSC)/0.5% SDS at room
The insulin secretory responses to high-glucose concentration are shown in Figure 5 . The basal secretion of temperature for 10 min and then in 0.1× SSC/0.1% SDS at 65°C for 20 min. They were then exposed overnight insulin in the low-glucose medium was 1.9 ± 0.2 IRI ng/ 5.0 × 10 6 cells/flask, and high-glucose concentration sig-to film at −80°C. Total mRNA was also extracted from the cells used in the insulin secretion assay and the nificantly stimulated the secretion to 5.7 ± 0.4 IRI ng/ 5.0 × 10 6 cells/flask (p < 0.01, n = 5). The most remark-changes in mRNA expression were examined. able response was observed following challenge with 0.5 µM forskolin and a high-glucose concentration of 13.0 ± 1.8 IRI ng/5.0 × 10 6 cells/flask (p < 0.01). The stimulating effects of other hormones, such as somatostatin and glucagon, could also be observed, indicating that the insulin secretion from the culture cells was responsive to regulatory mechanisms (data not shown).
Northern Analysis
A single 0.4-kb band was hybridized with mRNA extracted from a culture monolayer of porcine PE cells and its size was equal to that of the human insulin gene (Fig.  6a ). Although the mRNA expression was detected in PE cells cultured under regular conditions, the signal was 
DISCUSSION
shown with β-actin mRNA levels as the internal standard, re-Although there have been many reported methods of spectively. The highest mRNA level was induced in the highglucose medium with forskolin. isolation of PE cells and medium conditions for their culture (2,4,6,28,34,36), we have successfully estab-of organs and tissues for transplantation into humans. Tuch et al. reported that the thymus of large animals lished a method for purifying porcine PE cells and a culture system that functions in vitro (19, 20) . The amino may be an appropriate site for the transplantation of islets, because of the organ's immunological unrespon-acid sequences of insulin from many kinds of species have been already determined; however, the nucleotide siveness (37). There are several reports of zenografts, transplanting devices, and genetic manipulation tech-sequence of porcine insulin has not yet been clarified in spite of its usefulness in the construction of bioartificial niques suitable for manipulation of the immunological and biological properties of islet cells (1,39). On the organs or islet cell transplantation (7, 12, 38) . If we assume the clinical use of porcine PE cells, genetic engi-other hand, the genetic background of islet β-cells, such as transcriptional factors and regenerative proteins, has neering of the culture cells may be necessary. In the present study, we have cloned and determined the por-also been investigated for the establishment of a biologically stable culture system (10, 14, 15, 17, 31) . Further-cine insulin cDNA sequence and confirmed its mRNA expression in the monolayer culture system. As ex-more, based on the recent advances in regenerative engineering, embryonic and pluripotent stem cells have also pected, the porcine insulin cDNA is highly homologous to the human cDNA (Fig. 2) , and the chemical proper-been determined to be attractive candidate cells for cell transplantation and construction regenerating organs ties of the two proteins are also quite similar. The deduced amino acid sequence of porcine insulin differs (3, 25, 27, 32, 33) . only by a few amino acids from that of human insulin ACKNOWLEDGMENTS: This study was supported, in part, (Fig. 3) , especially in the A-and B-chains. This observa- the predicted size was detected by Northern analysis of the total RNA extracted from the monolayer cell culture REFERENCES (Fig. 6a ).
